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ABSTRACT To ensure maximum comfort for the wearer, electronic components that include energy harvesters need to be 
mechanically conformable. In this context, we demonstrate a versatile, cost-effective and efficient method for fabricating 
graphene supercapacitor electrodes using Laser Induced Graphene (LIG). A CO2 laser beam instantly transforms the irradiated 
polyethersulfone polymer (PES) into a highly porous carbon structure. The LIG method was used to deposit graphene layers 
on graphite sheets to produce the supercapacitor electrodes. Graphene formation and morphology were examined and 
confirmed using several techniques including Scanning Electron Microscopy (SEM), Energy Dispersive X-ray (EDX) 
spectroscopy, Raman Spectroscopy and Fourier transform infrared spectroscopy (FTIR). Moreover, the electrochemical 
characterization was performed in different electrolytes (NaOH and KOH). At 5 mV s-1, the LIG electrode achieved 165 mF 
cm-2 and 250 mF cm-2 in NaOH and KOH electrolytes, respectively. Consequently, we show that a wearable symmetric 
supercapacitor device with LIG electrodes achieved 98.5 mF cm-2 at 5 mV s-1 in KOH electrolyte. The device demonstrated 
an energy density of 11.3 µWh.cm-2 with power density of 0.33 mWcm-2 at 0.5 mA cm-2. The retention of capacitance was 
75% after 2000 cycles, with outstanding performance for the comparable graphene-based electrodes. These results further 
validate the use of LIG for developing flexible energy harvesters for wearable applications. 
INDEX TERMS:  Laser Induced Graphene (LIG), Graphene electrode, Electrochemical double layer (EDLs), Supercapacitor 
I. INTRODUCTION 1 
Recently, the demand for novel energy storage devices has 2 
encouraged the development of novel materials for fabricating 3 
high-performance supercapacitors [1]. A supercapacitor is an 4 
effective energy storage technology that is lead-free, has 5 
ultrahigh power density, low internal resistance, and long 6 
cycle lifetime [2]. Energy storage in electric double-layer 7 
capacitors depends on the electrode surface ions 8 
absorption/desorption. Thus, ensuring higher electrode surface 9 
area is expected to significantly enhance the capacitance [3]. 10 
Whereas the pseudocapacitors store the energy via redox 11 
reactions on the electrodes surface [4]. Due to their large 12 
surface area, good electrical conductivity, porosity and 13 
excellent chemical stability, carbon-based materials are 14 
considered as promising candidates for energy storage 15 
applications [5]. Graphene as an interesting member of the 16 
carbon materials family has attracted great attention for 17 
supercapacitor applications due to its optimum physical and 18 
chemical properties, which includes its non-toxicity, 19 
controllability and versatility [6,7,8,9,10]. Graphene and 20 
reduced graphene oxide have been widely applied for 21 
supercapacitor applications [11,12,13.14]. However, the 22 
fabrication process of reduced graphene oxide is complex and 23 
expensive [15]. 24 
Laser-induced graphene (LIG) is a newly developed 25 
method for the fabrication of advanced graphene-based 26 
devices [16]. LIG is produced using CO2 infrared laser to 27 
directly write down on polymers. The polymer pyrolyzed 28 
due to induced localized heat, and therefore transformed into 29 
porous graphene structure [17]. The most common LIG 30 
substrates include polyether ether ketone [18], bakelite 31 
[19,20], polyetherimide (PEI) [17], cloth [21] and wood [22]. 32 
Polyimide (PI) is widely used in LIG applications, 33 
[17,23,24,25], owing to its thermal stability, mechanical 34 
properties, and excellent chemical resistance. However, the 35 
synthesis of PI is complex and tuning its porous structure is 36 
challenging [26]. Polyethersulfone (PES) and its derivatives 37 
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have been widely used in different applications, such as 1 
membrane technology [27], electronics devices [28] and fuel 2 
cell [29]. In addition, LIG was realized on PES supports with 3 
the aim to enhance the antibacterial and antifouling 4 
properties [30]. The synthesis of PES is simple, and its 5 
porous properties can be tuned under certain optimized 6 
conditions. It has been found that the LIG-PES film shows 7 
lower sheet resistance (7 Ω/squ) [31], in the comparison to 8 
the one for LIG-PI films (15 Ω/squ) [17]. 9 
LIG structures consist of a few layers of graphene with 10 
three-dimensional configuration, leading to advantages such 11 
as ultrahigh surface area, excellent conductivity, and high 12 
porosity. Therefore, LIG has been touted to replace graphene 13 
in different applications such as electrocatalysis [32], 14 
microfluidic devices [33], sensors [34], and supercapacitors 15 
[35,36,37]. Recently, heteroatom and hybrid LIG films with 16 
enhanced properties have been reported in the literature 17 
[31,37]. Generally, LIG electrodes fabricated from 18 
polymeric structures demonstrated lower capacitance due to 19 
limited specific surface area compared with other carbon-20 
based materials, such as reduced graphene oxide [13]. 21 
Increasing the porosity of electrodes is expected to enhance 22 
the electrolyte accessibility, thus improving the capacitance 23 
as well as its corresponding power densities [13]. Due to the 24 
high porosity of the PES membranes, the laser treatment 25 
process can promote high electrochemical performance.     26 
Herein, we present a novel alternative approach to fabricate 27 
LIG-based supercapacitor electrodes using a CO2 laser. The 28 
graphene layers are directly formed on the graphite sheets. We 29 
also report the fabrication of a wearable supercapacitor with 30 
LIG electrodes and a KOH electrolyte. The fabrication process 31 
including the laser power, pulse duration as well as the 32 
membrane composition were optimized. The electrochemical 33 
supercapacitors electrode and device achieved a high 34 
capacitance and excellent stability in comparison to previously 35 
fabricated graphene-based supercapacitors. 36 
II.  EXPERIMENTAL WORK 37 
A. Preparation of PES Membranes  38 
PES sheets were synthesized using the phase separation 39 
method [27] and used as LIG substrate. Initially, pre-weighed 40 
1.5 wt% of polyvinylpyrrolidone (PVP) was dissolved into 41 
83.5 wt% N-Methyl-2-pyrrolidone (NMP) and stirred at 500 42 
rpm for 60 minutes. Dried PES pellets (15 wt%) were then 43 
gradually added to the mixture. The solution was stirred at 500 44 
rpm for 24 h to obtain a homogenous dope solution. The dope 45 
solution was cast on a clean glass plate using an automated 46 
casting machine. For all experiments, the membranes casting 47 
was carried out using a stainless-steel knife with a thickness of 48 
200 µm and a speed of 5 mm/s. The sheet was immersed in a 49 
coagulation bath of deionized water at 21°C for ~24 h to 50 
ensure complete precipitation. Finally, the sheet was dried in 51 
air and stored between two filter papers until use prior to the 52 
LIG process. 53 
B. Fabrication of LIG electrode 54 
All PES sheets were fixed flat on a graphite foil (0.4 mm 55 
thick, 99.8% (metals basis), Alfa Aesar) (1×1.5 cm2) as a 56 
current collector, The graphite sheets were 1.5x1 cm2, 57 
whereas the working electrode was deposited on 1x1 cm2. 58 
Any residue membranes were peeled off from the substrate. 59 
CO2 laser with 10.6 µm wavelength and 200 µm spot size, was 60 
used to convert the PES into graphene and deposit it on 61 
graphite sheet. In all experiments, the laser power was 62 
adjusted at 4.8 W, and the laser scan rate was set at ~ 5 mm/s.  63 
C. Fabrication of the wearable supercapacitor  64 
A symmetric 2-electrode supercapacitor was assembled 65 
using the two prepared identical LIG electrodes (1 cm × 1 cm). 66 
A filter paper (thickness 160 µm and pore size 20-25 µm) 67 
wetted with 6 M KOH aqueous electrolyte was used as a 68 
separator. 69 
D. Material characterization    70 
The PES sheets and LIG electrodes were characterized 71 
using SEM to investigate the morphologies. Raman 72 
spectroscopy and Fourier transform infrared spectroscopy 73 
(FTIR) was performed to observe the surface functionalities 74 
and confirm the graphitization of polymer. A parameter 75 
analyzer (Keithley 4200-SCS) was used to characterize the 76 
resistivity of LIG electrodes.  77 
E. Electrochemical characterization 78 
The electrochemical performance of LIG supercapacitor 79 
electrodes was tested in both 3-electrode and 2-electrode 80 
systems, with a platinum counter electrode and Ag/AgCl 81 
reference electrode. Different electrolytes were used (6M 82 
NaOH or 6M KOH). We used a similar characterization 83 
procedure reported in [38]. We carried out cyclic voltammetry 84 
(CV) measurements in a voltage range from -0.8 to 0.4 V at 85 
scan rates ranging from 5 to 500 mV s−1. Similarly, 86 
Galvanostatic charge-discharge (GCD) experiments were 87 
performed at different current densities (0.5 to 10 mA cm-2) 88 
and electrochemical impedance spectroscopy (EIS) 89 
measurements were carried out in the frequency range from 10 90 
KHz to 100 mHz with 5 mV potential amplitude using an 91 
electrochemical workstation (CHI660E, CHI Instruments). 92 
The electrode was placed in the electrolyte for 2 h before every 93 
measurement to guarantee sufficient wetting. Moreover, the 94 
CV measurement results were subsequently used for 95 
determining the specific capacitance (CS, in mFcm-2) using eq. 96 
1 [17, 38].  97 
 98 
                                                           (1)                                                                     99 
 100 
 101 
Where v is the scan rate (in Vs-1), S is the total surface area 102 
of the electrode (in cm-2), ΔV is the potential difference (V), 103 
and ∫ I dV is the total area under the CV curve. Furthermore, 104 
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                                                                     1 
                                                                   (2)                                                                                          2 
                                        3 
Where i is the current density (in mA cm-2) and Δt is the 4 
discharge time (s). The fabricated device’s energy density (E), 5 
in μWhcm-2 of can subsequently be determined using:  6 
 7 
                                                    (3)                                                                                          8 
  9 
                                                10 
The power density (P), in mWhcm-2 of the device, was 11 
calculated according to eq.4 12 
 13 
                                                        (4)            14 
                                 15 
 16 
III. Results and discussion 17 
A. Fabrication and characterization of LIG film  18 
A schematic description of the LIG formation is shown in 19 
Fig. 1a. The PES sheets were converted into porous graphene 20 
using laser scribing. Fig.1b shows the SEM image of the 21 
lines induced by the laser beam. The photograph of the 22 
fabricated LIG supercapacitor is shown in Fig.1c.  23 
SEM images of the top and cross-section of the PES and 24 
LIG films are shown in Fig. 2. The surface of PES has a 25 
relatively homogenous pore distribution (Fig. 2a). Once it’s 26 
converted to LIG film, highly porous structure can be 27 
observed (Fig. 2c), which arises by removal of gaseous 28 
groups (sulfur and oxygen) from the PES matrix during the 29 
laser treatment [16]. At the microscale, the morphology of 30 
the LIG electrode is quite uniform with a relatively 31 
homogenous distribution of porosity. This porosity allows 32 
the electrolyte to penetrate the electrode, thereby increasing 33 
the overall efficiency of the supercapacitor device [44].  34 
Cross-sectional SEM images of the PES and LIG films at 35 
the same magnification are shown in Fig. 2b, d. PES 36 
polymeric sheet has a dense skin layer with a finger-like 37 
structure. Whereas layered flakes observed in the LIG film 38 
can be attributed to successfully converting the PES film to 39 
porous graphene sheets. It can be observed that the cross-40 
section porosity of PES and LIG is relatively low in 41 
comparison with the top surface. This could be due to the 42 
increase in the solvent exchange rate and the boost in the 43 
polymer concentration during the phase separation process, 44 
allowing for the construction of a dense skin layer [40]. This 45
porosity is expected to enhance the capacitance performance 46 
in the device as electrolyte ions can easily pass through the 47 
porous structure leading to improved capacitance and 48 
electrode wettability.  49 
The cross-section EDX mapping of PES and LIG sheets 50 
are shown in Fig. 3a,b. The PES sheet reveals the presence 51 
of carbon, oxygen, and sulfur (73%, 23.5% and 3.5%, 52 
respectively). The sharp increase of carbon content versus 53 
oxygen and sulfur (93.6%, 6.11% and 0.29%) indicates a 54 
significant reduction of the PES film (ca. 95%) into graphene 55 
both on the surface and through the cross-section upon laser 56 
treatment (Fig. 3b). Furthermore, the high carbon content 57 
along LIG cross-section improved the LIG film conductivity 58 
which is expected to enhanced capacitance performance. 59 
Raman spectra of PES sheet and LIG film (Fig. 4) clearly 60 
demonstrate the successful formation of the graphene oxide 61 
layer. The aromatic C–S and the aromatic ring chain of PES 62 
C–C peaks were observed. For the LIG film, the D-peak 63 
referred to the disordered structure of graphene, the G- peak 64 
















Fig. 2. SEM images of top surface and cross section of PES membranes 










Fig. 3 EDX mapping of cross-section (a) PES sheet (a) the LIG film 
 
Fig. 4. (a) Raman Spectra of  PES and LIG films and (b) FTIR 
spectroscopy of  PES and LIG films 
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originating from the second-order zone-boundary phonons 1 
of the LIG film were obtained [41].  2 
FTIR was carried out on the PES and LIG films to confirm 3 
the graphitization (Fig. 4b). For PES, the peaks at 850 and 4 
3096 cm-1 were due to the aromatic ring (C-H stretch). The 5 
C=C stretching appeared at peaks 1470 and 1575 cm-1. The 6 
two peaks of the functional group sulfone (O=S=O 7 
stretching) were presented at 1143 and 1302 cm-1. The peaks 8 
1230 cm-1 and at 712 cm-1 may be attributed to C-S stretching 9 
[42]. For LIG films, no peaks related to functional groups 10 
(O=S=O and C-O-C) were shown. Furthermore, the 11 
stretching peaks C=C and C-H were reduced to small peaks. 12 
This may confirm the effective transformation of the PES 13 
into graphene by laser treatment. 14 
The electrical resistivity was measured using parameter 15 
analyzer (Keithley 4200-SCS). The LIG electrode presented 16 
a sheet resistance of 5 Ω/squ, which is higher than the sheet 17 
resistance obtained for PI (15 Ω/squ) [17]. 18 
B. Electrochemical performance of LIG electrodes  19 
The electrochemical characteristics of the LIG 20 
supercapacitor electrodes were obtained using the three 21 
electrodes configuration. The LIG electrode, platinum wire 22 
and Ag/AgCl were employed as working electrode, counter 23 
and as a reference electrode, respectively. Ag/AgCl 24 
reference electrode was calibrated with a standard calomel 25 
electrode before and after the experiment in saturated KCl 26 
[43]. The different electrolytes (6M NaOH and 6M KOH) 27 
were used to characterize the LIG electrode.  28 
Fig. 5a presents the CV curves and GCD behavior of the 29 
LIG electrode. Fig. 5a present the CV curves of LIG in KOH 30 
and NaOH electrolytes at 20 mV s-1 scan rate. The CV curves 31 
are similar in performance for both electrolytes, which 32 
suggests the capacitance principally creates from electrical 33 
double-layer capacitance [3]. CVs can maintain rectangular 34 
shape for up to 300 mV s-1. There are no redox peaks although 35 
their remnant small amount of pair redox functional groups 36 
(sulfur and oxygen) on LIG film [17]. Moreover, the 37 
performance of the LIG electrode was also performed by GCD 38 
curves for both electrolytes, as presented in Fig. 5b. The GCD 39 
curves retained nearly linear and symmetric charge-discharge 40 
profiles. 41 
The specific capacitance of the LIG in the two electrolytes 42 
at scan rate in range 5 mVs-1 – 300 mVs-1 is shown in Fig. 5c. 43 
The specific capacitance gradually decreased from 165 mF 44 
cm-2 (~165 Fg-1) at 5 mVs-1 to 32 mFcm-2 at 300 mVs-1 for 45 
NaOH. Using KOH resulted in higher values of 250 mFcm-2 46 
(~250 Fg-1) and 63 mFcm-2 at 5 mVs-1 and 300 mVs-1. The 47 
dependence of specific capacitance on current density is 48 
shown in Fig. 5d. The capacitance gradually decreased from 49 
98 mFcm-2 (~98 Fg-1) at 0.5 mAcm-2 to 10 mFcm-2 at 10 50 
mAcm-2 for NaOH. The capacitance also decreased from 51 
130mFcm-2 (~130 Fg-1) at 0.5mAcm-2 to 27 mFcm-2 at 52 
10mAcm-2 for KOH. The higher performance for KOH is due 53 
to its lower hydration radius (3.31 Å) and higher ionic 54 
conductivity (73 cm2Ω−1mol−1) in comparison to the Na+ 55 
ions, showing hydrated radius (3.58 Å) and 50 56 
 𝑐𝑚2Ω−1𝑚𝑜𝑙−1 conductivity [44].  In both cases, the 57 
observed specific capacitance is higher than the previously 58 
reported graphene-based supercapacitor (Table 1) 59 
[18,20,36,45,46]. Several parameters are attributed for 60 
enhancing the LIG supercapacitor performance including high 61 
surface area, excellent electrical conductivity, and good 62 
porosity with homogenous pore distribution overall the film, 63 
which could allow higher diffusion of K+ and Na+ ions [47]. 64 
The electrode has retained 91.5% and 83% of the initial 65 
capacitance in KOH with 100% columbic efficiency after 66 
1000 and 2000 GCD cycles respectively (Fig 4e). Similarly, 67 
the NaOH electrolyte demonstrates much higher stability with 68 
~100% retention and ~100 % columbic efficiency after 2000 69 
GCD cycles. 70 
C. Electrochemical performance of the symmetric 71 
device  72 
We evaluated the capacitance performance of symmetric 73 
LIG device in 6M KOH electrolyte. Fig. 6a presents the CV 74 
curves of LIG supercapacitor device at various scan rates. The 75 
quasi-rectangular CV curves were observed, suggesting the 76 
capacitor possessed excellent electrical double-layer 77 
capacitance behavior [3]. This behavior could be confirmed by 78 
stable triangle shape of the GCD at different current density 79 
(Fig. 6b). The data obtained from the GCD and CV 80 
measurements used to calculate the specific capacitance 81 
according to eq. 1 and 2. The specific capacitance obtained at 82 
different scan rate (Fig. 6c), showed a gradual decrease from 83 
 
 
Fig.5. The electrochemical performance of LIG-SCs electrode in different 
electrolytes. (a) CV at 20mVs-1, (b) GCD at 1 mAcm-2, (c) specific 
capacitance of the LIG at different scan rate, (d) Specific capacitance of 
the LIG at different current densities and (e) cyclability of LIG electrode 
over 2000 cycles. 
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98.5 mFcm-2 (~ 98.5 Fg-1) at 5mVs-1 to 26 mF cm-2 at 300 mVs-1 
1.  Fig. 6d reveals that the GCD specific capacitance can 2 
maintain up to a high current density of 10 mAcm-2, indicating 3 
the capacitor exhibits excellent power density performance. At 4 
discharge current of 0.5 mAcm-2, the specific capacitance was 5 
56.6 mFcm-2 and 9 mFcm-2 at 10 mAcm-2. The LIG device 6 
performance exhibited a high specific capacitance in 7 
comparison to previously reported graphene-based SCs (Table 8 
1) [19,48,49,50,51].  9 
 The Nyquist plot was fitted to equivalent circuit model 10 
Randles circuit [52] as shown in Fig. 7a, where R1 is the 11 
equivalent series resistance (ESR), R2 is the electrode 12 
electrolyte resistance, R3 is the resistance of leakage. Q1 is 13 
the double layer phase constant, W0 is the Warburg, and Q2 14 
is capacitance mass. In Fig. 7b Ragone plot presents the 15 
power density versus energy density calculated from GCD 16 
data. LIG supercapacitor reveals the highest energy density 17 
of 11.3, 8.75, 4, 2 µWhcm-2 with a maximum power density 18 
of 0.337, 0.67, 4.45, 9 mWcm-2 at current density of 0.5, 1, 19 
5, 10 mAcm-2, respectively. This is in good agreement with 20 
previously reported graphene SCs [48, 50]. The LIG device 21 
maintained a stability of 83.6% and 75% after 1000 and 2000 22 
GCD cycles, as can be seen from Fig. 7c. The stability of the 23 
2-electrode LIG device is relatively smaller than that of the 24 
3-electrode system. This could be attributed to a higher ionic 25 
diffusion resulting from the separator, in addition to the 26 
distances between the two electrodes during the 27 
electrochemical test [53]. Moreover, the coulomb efficiency 28 
was 94% after 2000 GCD cycles.  29 
 30 
TABLE 1: PERFORMANCE OF GRAPHENE BASED 31 
SUPERCAPACITORS PREVIOUSLY PUBLISHED IN LITERATURE  32 
Both devices were fabricated via LIG technique in this 33 
study using either the 3-electrode or the 2-electrode system. 34 
LIG in 3-electrode system in 6 M KOH exhibited much higher 35 
performance than in 6 M NaOH, including the high specific 36 
 
Fig. 6. The electrochemical performance of LIG symmetric device in KOH. 
(a) CV curves at different scan rate, (b) GCD curves of LIG device at 
different current density, (c) specific capacitance at different scan rate and 
(d) specific capacitance at different current densities 
 
 
Fig.7. (a) Nyquist plot of LIG supercapacitor device for experimental and 
simulated data, (b) Ragone plot of LIG device, (c) cyclability of LIG 
device over 2000 cycle 
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capacitance of 250 mF cm-2 at 5 mV s-1 and excellent 1 
cyclability of 91.5% after 1000 cycles. These results illustrated 2 
that the porous structure of the LIG electrode improved the 3 
wettability and electrical conductivity. Also, a 2-electrode 4 
symmetric supercapacitor based LIG presented a capacitance 5 
level of 98.5 mFcm-2 at scan rate 5mVs-1, a high energy density 6 
of 11.3 µWh cm-2 (11.3 Wh Kg-1) at 0.5 mAcm-2, and excellent   7 
power density of 4.45 mW cm-2 (4453 W Kg-1) at 5 mAcm-2. 8 
These performances indicate that LIG is a promising as 9 
graphene-based electrode for supercapacitor applications. The 10 
result of both devices in comparison to previously reported 11 
LIG, laser reduced graphene (LrGO) and reduced graphene   12 
(rGO) electrodes shown in Table 1. 13 
IV. CONCLUSIONS 14 
In this article, we demonstrated a simple and high 15 
throughput method for fabricating graphene-based 16 
supercapacitors.  LIG was used to fabricate the supercapacitor 17 
electrode, where the ability to fabricating a high conductive 18 
and highly porous graphene layers were examined. Thus, 19 
leading to enhance the electrochemical behavior of LIG 20 
electrode either in three electrode or in two electrode systems.  21 
Besides, the direct deposit a graphene layer on graphite sheets 22 
and the electrochemical characterization have been reported 23 
for the first time. These advantages given the experimentally 24 
improved here present new methods to fabricate a graphene 25 
based materials for different applications such as 26 
electrocatalysis, sensors, microfluidic devices and energy 27 
storage 28 
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